Soft actuators are the components responsible for producing motion in soft robots. Although soft actuators have allowed for a variety of innovative applications, there is a need for design tools that can help to efficiently and systematically design actuators for particular functions. Mathematical modeling of soft actuators is an area that is still in its infancy but has the potential to provide quantitative insights into the response of the actuators. These insights can be used to guide actuator design, thus accelerating the design process. Here, we study fluid-powered fiberreinforced actuators, because these have previously been shown to be capable of producing a wide range of motions. We present a design strategy that takes a kinematic trajectory as its input and uses analytical modeling based on nonlinear elasticity and optimization to identify the optimal design parameters for an actuator that will follow this trajectory upon pressurization. We experimentally verify our modeling approach, and finally we demonstrate how the strategy works, by designing actuators that replicate the motion of the index finger and thumb.
Soft actuators are the components responsible for producing motion in soft robots. Although soft actuators have allowed for a variety of innovative applications, there is a need for design tools that can help to efficiently and systematically design actuators for particular functions. Mathematical modeling of soft actuators is an area that is still in its infancy but has the potential to provide quantitative insights into the response of the actuators. These insights can be used to guide actuator design, thus accelerating the design process. Here, we study fluid-powered fiberreinforced actuators, because these have previously been shown to be capable of producing a wide range of motions. We present a design strategy that takes a kinematic trajectory as its input and uses analytical modeling based on nonlinear elasticity and optimization to identify the optimal design parameters for an actuator that will follow this trajectory upon pressurization. We experimentally verify our modeling approach, and finally we demonstrate how the strategy works, by designing actuators that replicate the motion of the index finger and thumb.
soft robotics | fiber-reinforced actuators | customized actuators I n the field of robotics, it is essential to understand how to design a robot such that it can perform a particular motion for a target application. For example, this robot could be a robot arm that moves along a certain path or a wearable robot that assists with motion of a limb. For conventional hard robots, methods have been developed to describe the forward kinematics (i.e., for given actuator inputs, what will the configuration of the robot be) and inverse kinematics (i.e., for a desired configuration of the robot, what should the actuator inputs be) (1) (2) (3) (4) .
Recently, there has been significant progress in the field of soft robotics, with the development of many soft grippers (5, 6) , locomotion robots (7, 8) , and assistive devices (9) . Although their inherent compliance, easy fabrication, and ability to achieve complex output motions from simple inputs have made soft robots very popular (10, 11) , there is growing recognition that the development of methods for efficiently designing actuators for particular functions is essential to the advancement of the field. To this end, some research groups have begun focusing their efforts on modeling and characterizing soft actuators (12) (13) (14) (15) (16) (17) (18) (19) (20) . In particular, significant progress has been made on solving the forward kinematics problem (16) (17) (18) (19) and even on using dynamic modeling to perform motion planning (14) . However, the practical problem of designing a soft actuator to achieve a particular motion remains an issue. Finite element (FE) analysis has previously been used as a design tool to find the optimal geometric parameters for a soft pneumatic actuator, given some design criteria (15) . Although this procedure yields some nice results, only basic motions (linear or bending) were studied, because the method is computationally intensive. An alternative approach is to use analytical modeling combined with optimization to determine the properties of a soft actuator that will achieve a particular motion for some target application.
Here, we focus on fiber-reinforced actuators (17-21), and given a particular trajectory, we find the optimal design parameters for an actuator that will replicate that trajectory upon pressurization. To achieve this goal, we first use a nonlinear elasticity approach to derive analytical models that provide a relationship between the actuator design parameters (geometry and material properties) and the actuator deformation as a function of pressure for each motion type of interest (extending, expanding, twisting, and bending). Then, we use optimization to determine properties for actuators that match the desired trajectory (Fig. 1) . Whereas similar actuators were previously designed empirically (22, 23), here, we propose a robust and efficient strategy to streamline the design process. Furthermore, this strategy is not limited to the specific cases presented here (namely the trajectories of the index finger and thumb) but, rather, could be applied to produce required trajectories in a variety of soft robotic systems, such as locomotion robots, assembly line robots, or devices for pipe inspection.
Analytical Modeling of Actuator Segments
Our approach is based on assuming a desired actuator consists of multiple segments (mimicking the links and joints of the biological digit), where each different segment undergoes some combination of axial extension, radial expansion, twisting about its axis, and bending upon pressurization. To realize actuators capable of replicating complex motions, we use segments consisting of a cylindrical elastomeric tube surrounded by fibers arranged in a helical pattern at a characteristic fiber angle α ( Fig. 2A) (23, 24), because it has been shown that by varying the fiber angle and materials used, these segments can be easily tuned to achieve a wide range of motions (17-21). When the elastomeric tube is of uniform stiffness, the segment undergoes some combination of Significance Fluid-powered elastomeric soft robots have been shown to be able to generate complex output motion using a simple control input such as pressurization of a working fluid. This capability, which mimics similar functions often found in biology, results from variations in mechanical properties of the soft robotic body that cause it to strain to different degrees when stress is applied with the fluid. In this work, we outline a mechanics-and optimization-based approach that enables the automatic selection of mechanical properties of a fiberreinforced soft actuator to match the kinematic trajectory of the fingers or thumb during a grasping operation. This methodology can be readily extended to other applications that require mimicking or assisting biological motions. Designing an actuator that replicates a complex input motion. (A) Analytical models of actuator segments that can extend, expand, twist, or bend are the first input to the design tool. (B) The second input to the design tool is the kinematics of the desired motion. (C) The design tool outputs the optimal segment lengths and fiber angles for replicating the input motion.
axial extension, radial expansion, and twisting about its axis upon pressurization (17-19). In contrast, when the tube is composed of two elastomers of different stiffness, pressurization produces a bending motion (25, 26).
Previous work has explored the design space of fiber-reinforced actuators capable of extending, expanding, and twisting using FE analysis (20) and kinematics and kinetostatics modeling (17-19). Although these existing analytical models provide great insight into the behavior of fiber-reinforced actuators, they are restricted to exactly two sets of fibers (a set of fibers being fibers arranged at the same angle). Here, we use a nonlinear elasticity approach, which facilitates modeling actuators with an arbitrary number of sets of fibers. Rather than modeling the tube and the fibers individually, we treat them as a homogeneous anisotropic material (27-29). More specifically, because the fibers are located on the outside of the tube and not dispersed throughout its thickness, we model the actuator as a hollow cylinder of isotropic incompressible hyperelastic material (corresponding to the elastomer), surrounded by a thin layer of anisotropic material (corresponding to the fiber reinforcement), and impose continuity of deformation between the two layers ( Fig. 2A) . The isotropic core has initial inner radius Ri and outer radius Rm , and the outer anisotropic layer has initial outer radius Ro. The anisotropic material has a preferred direction that is determined by the initial fiber orientation S = (0, cos α, sin α). We define a deformation gradient F, from which we calculate the left Cauchy-Green deformation tensor B = FF T , the current fiber orientation s = FS, and the tensor invariants I1 = tr(B) and I4 = s.s.
The inner and outer layers require different strain energy expressions, so let W (in) be the strain energy for the isotropic core and W (out) be the strain energy for the anisotropic outer layer. For the isotropic core, we choose a simple incompressible neo-Hookean model, so that W (in) = µ/2(I1 − 3), with µ denoting the initial shear modulus. For the anisotropic layer, let W (out) be the sum of two components,
is the contribution from the isotropic elastomeric matrix, W (aniso) is the contribution from the fibers, and c1 and c2 are the corresponding volume fractions. To derive a suitable expression for W (aniso) , we consider a small section of the helical fiber and model it as a rod subject to an axial load (SI Appendix, Fig. S5 ). It is trivial to show that the strain energy density of the rod is (SI Appendix)
where E is its Young's modulus. By slightly modifying the strain energy, the above equations can easily be extended to account for more than one set of fibers. For example, to achieve a pure extending actuator, we might require two sets of fibers, with fiber orientations s 1 and s 2 . In this case, the strain energy density is
where I4 = s 1 We can then use the strain energies to calculate the Cauchy stresses, which take the form , I is the identity matrix, and p is a hydrostatic pressure (30).
To further simplify the analytical modeling, we decouple bending from the other motions. In the following, we first introduce an analytical model describing an extending, expanding, twisting actuator and then a model for a bending actuator.
Modeling Extension, Expansion, and Twist. When the elastomeric part of the actuator is of uniform stiffness, we assume that the tube retains its cylindrical shape upon pressurization, and the radii become ri , rm , and ro in the pressurized configuration (Fig. 2B) . The possible extension, expansion, and twisting deformations are then described by (SI Appendix)
where R, Φ, Z and r , φ, z are the radial, circumferential, and longitudinal coordinates in the reference and current configurations, respectively (28, 31). Moreover, λz and τ denote the axial stretch and the twist per unit length, respectively. To determine the current actuator configuration, we first apply the Cauchy equilibrium equations, obtaining
where P is the applied pressure. Assuming there are no external axial forces or external axial moments applied to the tube, the axial load, N , and axial moment, M , are given by and M = 2π
Eqs. 6-8 with the Cauchy stress σ as given in Eqs. 3 and 4 and the deformation gradient of Eq. 5 are then solved to find λz , ri , and τ as functions of P (SI Appendix).
Modeling Bending. Because the exact solution for the finite bending of an elastic body is only possible under the assumption that the cross-sections of the cylinder remain planar upon pressurization-a condition that is severely violated by our actuator-we assume (i) that the radial expansion can be neglected (i.e., r /R = 1) and (ii) vanishing stress in the radial direction (i.e., σrr = 0). Note that these conditions are closely approximated when the actuator has fiber angle less than 30
• and the actuator walls are thin (16) . Furthermore, because the actuators have a symmetric arrangement of fibers, no twisting takes place, so the deformation gradient reduces to (SI Appendix) Because the actuator bends due to the moment created by the internal pressure acting on the actuator caps (SI Appendix, Fig. S9 ), we equate this moment
with the opposing moment due to the stress in the material
whereφ denotes the location of the neutral bending axis, dτ is the differential wall thickness element, and dφ is the circumferential angle element (Fig. 2C) . Now solving Mmat = Mcap yields the relationship between input pressure and output bend angle:
where σzz can be obtained by substituting F into Eqs. 3 and 4 (SI Appendix). Fig. S7 .
For the bending model, we used an FE simulation (SI Appendix, Fig. S10 ) to determine the location of the neutral axis (φ = 35
• ). Using FE analysis, we determined that our bending model was accurate for thin-walled actuators (SI Appendix, Fig.  S11 ). However, for thicker-walled actuators, the model yielded lower than expected bend angles at any given pressure. To solve this problem, we used one FE simulation (with fiber angle α = ±5
• ) to determine an effective shear modulusμ (78 kPa) for the actuator (rather than using the shear moduli µ1 and µ2). We found that using this fitting parameter, we could accurately predict the response for actuators with other fiber angles (SI Appendix). Note that because FE analysis generally provides more accurate results than our analytical bending model, an alternative solution would be to use FE simulations to build a database of simulation results for actuators with a range of different fiber angles. However, this option would be more computationally expensive, and so, although not ideal, it is preferable in our case to use just one FE simulation to identify the fitting parameters for the analytical bending model, rather than relying solely on FE.
We first consider extending actuators (with two sets of fibers, arranged symmetrically). Fig. 3A shows how the amount of extension undergone (illustrated by the color) depends on the fiber angle of the actuator (y axis) and the current actuation pressure (x axis). We see that an actuator with fiber angle α = 0
• yields the most extension, whereas, in contrast, actuators with larger fiber angles undergo contraction. We fabricated and tested an actuator with fiber angles α = ±3
• (highlighted in red in Fig. 3A) , and the results (Fig. 3 B and C) show good agreement between the model and the experiment. Second, we consider twisting actuators, which have only one set of fibers. From Fig. 3D , we can see that an actuator with fiber angle around 30
• produces the maximum amount of twist per unit length. Fig. 3 E and F shows that the analytical model accurately represents the twist per unit length undergone by an actuator with fiber angle α = 3
• . Finally, Fig. 3G illustrates the bend angle per unit length as a function of fiber angle and actuation pressure. At any given pressure, for larger fiber angles, we see less bend per unit length. Comparing analytical and experimental results for a bending actuator with fiber angles α = ±5
• (Fig. 3 H and I) , we see a good match between the model and the experiment.
Replicating Complex Motions
We have presented two analytical models, which describe extending, expanding, twisting, and bending actuator motions. In addition to using these models to explore the actuator design space, we can use them for more complex operations, such as designing a single-input, multisegment actuator that follows a specific trajectory. In the following sections, we will demonstrate this methodology by determining the properties of multisegment actuators that can replicate finger and thumb motion.
The target motion of the actuator was determined using electromagnetic trackers that were placed on the hand at the wrist, at each joint along the finger, and at the fingertip (SI Appendix, Fig. S13 ) (22) . Time series data of the coordinates of each sensor in 3D space were recorded as the hand was opened and closed. Using these data, the configuration of the fingers and thumb during a grasping motion can be obtained. Adjacent sensors are connected by links, and we use the data to calculate the length of each link and the angles between the links at each time. We smooth the data by applying a Savitzky-Golay filter. Since it will not be possible to produce an actuator that will match the finger trajectory exactly at every point, we choose just four configurations to match. (These configurations are equally spaced along the trajectory; SI Appendix, Figs. S14 and S15.) Because the input data represent the motion of the top of the finger, the top of the actuator we design should mimic the input motion.
The actuator will consist of multiple segments, each with a different length and fiber angle. We prescribe the number of segments and the type of each segment. (For replicating finger and thumb motion, expanding segments are not required, so each segment type is extend, bend, or twist.) The radius, wall thickness, and material parameters are the same as in the previous section. (Here, we use Dragon Skin 10 for the extending and twisting segments.) We set the maximum allowed pressure to 80 kPa. (At higher pressures, the Matlab solver fsolve is unable to solve Eqs. 6-8.) Furthermore, to simplify the fabrication procedure, we impose a minimum fiber angle of 5
• . Also, we prescribe a maximum allowed fiber angle of 50
• , because above this angle, the radial expansion of the actuators becomes significant (20). Note that for a finger, bending occurs at discrete joints, but for the actuator, it will of course take place over some finite length. To approximate the motion of the finger as closely as possible, we want this length to be as short as possible, so we impose a maximum allowed bending segment length of 30 mm (SI Appendix). We then input all of this information, together with the models we developed in the previous sections, into a nonlinear leastsquares optimization algorithm in Matlab (lsqnonlin) (Fig. 4) . To find the design parameters for an actuator that will move through the given configurations (combinations of link lengths and bend angles) as it is pressurized, we minimize
where ntw , next , and n bend are the total numbers of twisting, extending, and bending segments, respectively, and N is the number of goal configurations. The first term measures the difference between the required (θ) and achieved (θ) twist angles; the second term measures the difference between the required (lext ) and achieved (lext ) segment lengths, and the third term measures the difference between the pressures at which the required bend angles should be achieved (P ) and the pressures at which the required bend angles are actually achieved with the current set of variables (P ). The parameters c 1 = 100 and c 2 = 1,000 are weights that balance the relative importance of the twisting, bending, and extending segments. If f is not sufficiently small, the variables are updated and the optimization loop repeats. When the minimum value of f is found, the optimization outputs (i) the fiber angle αi for each segment, (ii) the initial length of each of the bending and twisting segments, and (iii) the pressuresP (j ) at which the goal configurations will occur.
Index Finger Motion. The fiber angles and lengths required to imitate the movement of the index finger are illustrated in Fig. 5D . Segments 1, 3, and 6 have length 70 mm, 22 mm, and 15 mm, with fiber angles of ±40
• , ±50
• , and ±50
• , respectively. These segments undergo axial contraction when pressurized. Segments 2, 4, and 5 are bending segments of length 22 mm, 28 mm, and 15 mm, with fiber angles of ±6
• , ±5
• and ±5
• , respectively. We fabricate the actuator as detailed in SI Appendix. To compare the actual performance of the actuator to the expected performance, we characterize it by taking pictures of the actuator at various different actuation pressures. We evaluate its motion by using Matlab to track points on the actuator. We see good agreement between expected and actual motion ( Fig. 5 C and E and Movie S1), with some discrepancies that are most likely due to defects in the actuator fabrication (for example, segment lengths being up to 4 mm shorter than expected, due to the fibers being wound around the actuator between segments; SI Appendix).
Thumb Motion. As a second example, we consider the design of an actuator that upon pressurization, replicates the motion of a thumb. The motion of the thumb is more complex than that of the finger, because it moves out of plane. We capture this outof-plane motion as a twisting motion. We calculate the amount of twist by fitting a plane to the twisting links at each time and then finding the angle between the normal to this plane and the normal to the initial plane. Fig. 5I illustrates the fiber angles that are needed to reproduce the motion of the thumb, as predicted by the model. Segment 1 is a twisting segment of length 25 mm, with fiber angle 5
• ; segments 2, 4, and 6 are bending segments of length 15 mm, 30 mm, and 22 mm, each with fiber angles ±5
• ; and segments 3, 5, and 7 are extending segments of length 20 mm, 8 mm, and 17 mm, with fiber angles ±41
• , and ±47
• . To analyze the motion of this actuator, we placed two cameras at right angles to each other and took pictures of the actuator at various different actuation pressures. The images were combined to reproduce the 3D motion of the actuator (SI Appendix). Fig. 5 H and J compares the input thumb kinematics and the output actuator motion (Movie S2). We see reasonable agreement between the expected and achieved motions, with discrepancies in this case most likely due to inaccuracies in measuring the actuator motion (for example, misalignment of cameras), as well as defects in actuator fabrication (such as nonuniform wall thickness).
Conclusions
Using analytical models for fiber-reinforced actuators that extend, expand, twist, and bend, we have devised a method of designing actuators customized for a particular function. Given the kinematics of the required motion, and the number and type of segments required, the algorithm outputs the appropriate length and fiber angle of each segment, thereby providing a recipe for how the actuator should be made. The procedure is somewhat limited in its current form because it requires the user to input the type of segments required, but future versions will eliminate the need for this step, thus further automating the procedure. Future work will also focus on developing a model that combines bending with other motions, to increase the versatility of the algorithm. The design tool we have presented here has immense potential to streamline and accelerate the design of soft actuators for a particular task, eliminating much of the trial and error procedure that is currently used and broadening the scope of fiber-reinforced soft actuators. 
S1 Actuator fabrication and material characterization
In this section, we describe our methods for fabricating fiber-reinforced soft actuators. We first describe how to fabricate actuators which extend, expand, and twist, then actuators which bend, and finally, segmented actuators. We describe our procedure for molding the elastomeric tube, and for winding the fibers at a particular angle. We also describe the procedure for characterizing the elastomers used.
S1.1 Extending/Expanding/Twisting actuators
The actuator mold is designed in Solidworks and 3d printed using an Objet Connex 500 printer (Stratasys) (see Figure S1A ). The mold is assembled and held together firmly with clamps. Elastomer is poured into the mold ( Figure S1B ), and degassed in a vacuum chamber for a couple of minutes. A cylindrical metal rod is inserted into the mold to create the core of the actuator. The rod slots into a round indentation at the bottom of the mold and a 3d printed cap holds the rod in place at the top of the mold ( Figure S1C ).
The elastomer is left overnight at room temperature to cure.
The next day, the plastic mold is removed. Kevlar fiber is wound in a helical pattern around the outside of the actuator ( Figure S1D ). Ridges on the surface of the mold leave grooves on the actuator, which define the path for winding the fibers. In this way, we have precise control over the fiber angle. At each end of the actuator, the fiber is looped around a few times and tied. These knots are held in place by applying a small amount of Sil-Poxy (Smooth-On, Inc.). The actuator is then removed from the rod using isopropanol as a lubricant. The ends of the actuator are plugged with Sil-Poxy, and a vented screw is inserted at one end. The Sil-Poxy is allowed to cure for 24 hours. 
S1.2 Bending actuators
The fabrication procedure for bending actuators is similar to the procedure for extending/expanding/twisting actuators. The only difference is that the cylindrical tube is composed of two different elastomers. To fabricate the first half of this tube, one side of the 3d printed mold is laid down flat, and Elastomer 1 is poured into the mold ( Figure S2A ). The metal rod is placed on top of the elastomer, and slots into place at the top and bottom of the mold. This is left to cure overnight in a pressure chamber (curing at high pressure reduces the size of any air bubbles present in the elastomer). The next day, the edges of the elastomer are trimmed (without removing it from the mold) so that it forms a perfect half-cylinder.
Elastomer 2 (of different stiffness to Elastomer 1) is poured on top of the metal rod ( Figure S2B ), and the top half of the mold is quickly placed on top. The two halves of the mold are held together firmly with clamps. Again, this is left overnight in a pressure chamber to allow the second elastomer to cure ( Figure   S2C ). The remainder of the procedure is the same as for the extending/expanding/twisting actuators. 
S1.3 Segmented actuators
A segmented actuator consists of some bending actuator segments and some extending/twisting actuator segments. One half of the actuator is made entirely of Elastomer 1. The other half is made of Elastomer 1 if it is a twisting and/or extending segment, and Elastomer 2 (different stiffness) if it is a bending segment.
Therefore, a segmented mold is used, as shown in Figure S3A .
First, the whole mold is assembled and held together with clamps, and the actuator is cast entirely from Elastomer 1 ( Figure S3B,C) . Then one side of the mold (the segmented side) is removed. The segments are then fabricated one by one. As shown in Figure S3D ,E, the exposed elastomer is cut away, and the new elastomer is poured (Elastomer 1 or 2, depending on the type of segment). The elastomer is cut away segment by segment like this so that every time new elastomer is being poured, it is being poured on a freshly exposed surface. This improves the bond between the elastomers. To speed up the process, the elastomer is cured in the oven for 30 minutes at 60 • C (rather than overnight at room temperature). When all of the segments have cured, the mold is removed, and fibers are wrapped around the outside of the actuator. 
S1.3.1 Actuator segment lengths
In tables 1-4 we report the intended initial lengths of each of the segments in the finger and thumb actuators (as prescribed by the optimization algorithm -see Section S4) and compare them to the actual segment lengths in the actuators we fabricated. The discrepancies are due to small inconsistencies in the fabrication procedure, as well as the space taken up by the fibers wound around the actuator between segments. Figure S4 . We used a least squares method to fit an incompressible NeoHookean model to the measured data, and found that the material response is best captured with an initial shear modulus µ = 0.085 MPa for Dragon Skin 10 and µ = 0.68 MPa for Smooth-Sil 950. 
S2 Finite Element Simulations
As well as performing experiments, we performed finite element simulations as additional verification for our analytical modeling. All finite element simulations were carried out using the commercial finite element software Abaqus (SIMULIA, Providence, RI). In each case, the elastomer was modeled as an incompressible neo-Hookean material. The Kevlar fibers were modeled as a linearly elastic material using the manufacturer's specifications: diameter 0.1778mm, Young's modulus 31.067 × 10 6 kP a and Poisson's ratio 0.36. For the elastomer, 20-node quadratic brick elements, with reduced integration (Abaqus element type C3D20R) were used, and 3-node quadratic beam elements (Abaqus element type B32) were used for the fibers. Perfect bonding between the fibers and the elastomer was assumed (the fibers were connected to the elastomer by tie constraints). Quasi-static non-linear simulations were performed using Abaqus/Standard. One end of the actuator was held fixed, and a pressure load was applied to the inner surface of the actuator.
Note that sample files for running Abaqus simulations can be found on softroboticstoolkit.com.
S3 Analytical modeling
In this section, we present analytical models for fiber-reinforced actuators which extend, expand, twist, and bend. We use a non-linear elasticity approach to analytically model the response of the fiber-reinforced actuators free to deform under pressurization. Rather than modeling the tube and the fibers individually, we treat them as a homogeneous anisotropic material [1] [2] [3] . More specifically, as the fibers are located on the outside of the tube and not dispersed throughout its thickness, we model the actuator as a hollow cylinder of isotropic incompressible hyperelastic material (corresponding to the elastomer), surrounded by a thin layer of anisotropic material (corresponding to the fiber reinforcement), and impose continuity of deformation between the two layers ( Figure 2A of the main text). The isotropic core has initial inner radius R i and outer radius R m , while the outer anisotropic layer has initial outer radius R o . The anisotropic material has a preferred direction which is determined by the initial fiber orientation S = (0, cos α, sin α),
where α is the fiber angle.
In the following, we first construct the strain energy expressions for both the inner and outer layers.
Then, to simplify the analytical modeling, we decouple bending from the other motions, so we first introduce a model for actuators which extend, expand, and twist upon pressurization, followed by a model for actuators which bend upon pressurization. In each case, we use experimental and finite element results to validate the analytical models.
S3.1 Strain energy for the actuators
The inner and outer layers require different strain energy expressions, so let W (in) be the strain energy for the isotropic core, and W (out) be the strain energy for the anisotropic outer layer. For the isotropic core, we choose a simple incompressible neo-Hookean model, so that
µ denoting the initial shear modulus and I 1 = tr(FF T ), F being the deformation gradient. For the anisotropic layer, let W (out) be the sum of two components,
where W (iso) = µ/2(I 1 − 3) is the contribution from the isotropic elastomeric matrix, W (aniso) is the contribution from the fibers, and c i are the corresponding volume fractions. To derive a suitable expression for W (aniso) , we consider a helical fiber with cross-sectional areaâ, initial orientation S = (0, cos α, sin α), and current orientation s = FS subject to an axial loadF ( Figure S5A ). We focus on a small segment of the helical fiber of length dl which undergoes a change in length dx. Assuming there is a linear relationship between the forceF and extension dx (as shown in Figure S5B ), the strain energy for the segment, dW (f iber) , is equal to the area underneath the force-displacement curve,
For the considered linear elastic fiberF can be expressed as
where ǫ = dx/dl is the axial strain, and E is the Young's modulus. Substituting Equation (S4) into Equation (S3), we have
and integrating yields
which is the energy of the helical fibers. Since I 4 = s.s is the stretch of the fiber, we have ǫ = √ I 4 − 1, and substituting this in Equation (S6) yields
Dividing by the volume of the fiber yields the strain energy density
If an actuator has multiple sets of fibers (i.e. fibers arranged at different fiber angles), the strain energy can easily be modified to account for this. For example, suppose the actuator has two sets of fibers: one set at a fiber angle α 1 (i.e. with initial fiber orientation S 1 = (0, cos α 1 , sin α 1 ), and current fiber orientation
, and one set at a fiber angle α 2 (i.e. with initial fiber orientation S 2 = (0, cos α 2 , sin α 2 ), and current fiber orientation s 2 = FS 2 ). Then the strain energy is
where I 4 = s 1 .s 1 and I 6 = s 2 .s 2 . Similarly, for three sets of fibers, we have strain energy
where I 10 = s 3 .s 3 . 
S3.2 Modeling extension, expansion, and twist
When the elastomeric part of the actuator is of uniform stiffness, we assume that the tube retains its cylindrical shape upon pressurization, and the radii become r i , r m , and r o in the pressurized configuration ( Figure 2B of the main text) . The possible extension, expansion, and twisting deformations are then described by
from which the deformation gradient can be obtained as where R, Φ, Z and r, φ, z are the radial, circumferential, and longitudinal coordinates in the reference and current configurations, respectively [2, 4] . Moreover, λ z and τ denote the axial stretch and the twist per unit length, respectively. The deformation gradient F is used to calculate the left Cauchy-Green deformation tensor B = FF T and the current fiber orientation s = FS, from which we obtain the tensor invariants I 1 = tr(B) and I 4 = s.s. Finally, we can then use the strain energies of Equations S1 and S2 to calculate the Cauchy stresses, which take the form
(out) 4
where
, I is the identity matrix, and p is a hydrostatic pressure [4] .
To determine the current actuator configuration, we first apply the Cauchy equilibrium equations (i.e.
which can then be integrated to yield
where P is the pressure applied inside the tube. Assuming there are no external axial forces or external axial moments applied to the tube, the axial load N can be obtained as
while the axial moment M is given by
Equation (S15) can be manipulated as follows: 
Combining Equations (S15) and (S17), we have
Now canceling the P πr 2 i on the left side of the equation with the P πr 2 i term on the right side of the equation, we can write the reduced axial load (that is, the axial load due to forces other than the applied pressure) [3] 
Finally, defining λ θ = r R and γ = rτ , and using the identities [2] σ θθ − σ rr = λ θ ∂W ∂λ θ + γ ∂W ∂γ
we can write the equilibrium equations in terms of the strain energy:
Taylor Expansion Since Equations (S21)-(S23) are quite complex and it is computationally intensive to solve them numerically, for thin-walled actuators we simplify the calculations by Taylor expanding the equations.
We define
and ε 2 =
Ro−Rm
Rm , and Taylor expand Equations (S21)-(S23). Our goal was to retain the minimum number of terms required to give an accurate solution. We found that retaining first order terms in ǫ 2 was sufficient, but for ǫ 1 , we had to retain terms to third order, since ǫ 1 ≫ ǫ 2 . This gave us the following system of equations:
As shown in Figure S6 , this expansion is valid for ǫ 1 ≤ 0.47 ( Figure S6A,B) . However, as ǫ 1 increases, the Taylor expansion becomes less accurate. This is shown in Figure S6C , where we have ǫ 1 = 0.63, and observe that the Taylor expansion deviates significantly from the full solution. Results for an actuator with ratios ǫ 1 = 0.47 and ǫ 2 = 9.5 × 10 −5 . In each of these cases, we see that the Taylor expansion provides a close approximation to the full solution. However, for a thicker-walled actuator, the Taylor expansion becomes less accurate. This is shown in (C), where we have ratios ǫ 1 = 0.63 and ǫ 2 = 8.6 × 10 −6 , and observe that the Taylor expansion deviates significantly from the full solution.
S3.2.1 Verification of the Model
To verify the analytical model for actuators which extend, expand, and twist, we fabricated some actuators from Dragon Skin 10 and from Smooth-Sil 950. In Figure S7 , we compare the analytical prediction to the experimental results for two actuators (α = 
. In each case shown in Figure S7 , we see good agreement between the analytical prediction and the experimental results. Some deviations in Figure S7A are most likely due to inaccuracies in the fabrication procedure. We also see some deviations at higher pressures in Figure S7B due to the highly nonlinear response of the actuators. 
S3.3 Modeling bending
Since the exact solution for the finite bending of an elastic body is only possible under the assumption that the cross-sections of the cylinder remain planar upon pressurization -a condition that is severely violated by our actuator -we assume (i) that the radial expansion can be neglected (i.e. r/R = 1) and (ii) vanishing stress in the radial direction (i.e. σ rr = 0). Furthermore, since the actuators have a symmetric arrangement of fibers, no twisting takes place, so the deformation gradient reduces to
Since the actuator bends due to the moment created by the internal pressure acting on the actuator caps, M cap , the relationship between input pressure and bend angle can be found by equating M cap to the opposing moment due to the stress in the material, M mat .
R i φ dh dφ dτ t 1 t 2
Figure S9: Cross section of the actuator, with inner radius R i . The thickness of the inner layer is t 1 , and total wall thickness is t 2 . The differential angle element is dφ, differential wall thickness element is dτ , and differential height is dh.
Calculating M cap To calculate the moment (M cap ) due to air pressure acting on the internal cap of the actuator, we start by noting that the force due to the air pressure acting on an infinitesimal area of the actuator cap dA = 2R i sin φdh is
where P is the internal pressure in the actuator, and dφ and dh are the differential angle and height respectively, as shown in Figure S9 . By re-writing h in terms of φ as
we can eliminate h from Equation (S28)
The moment acting on the cap is then
whereφ indicates the position of the neutral axis.
, and L = 160mm. We found the neutral bending axis occurs atφ = 35 • , as shown in Figure S10A , where we plot the axial stretch along the line corresponding toφ = 35 • , and compare it to the maximum axial stretch (which occurs at φ = 180 • ). To demonstrate thatφ does not depend on the fiber angle, we also extracted the axial stretch at 35 
S3.3.3 Verification of Bending Model
To verify the analytical bending model, we performed FE simulations and compared the results to the analytical predictions, as shown in Figure S11 . In each case (A-D), we used one FE simulation (α = ±5 • ) to find the location of the neutral axisφ. For case A, the thickness of the outer layer, R o − R m , was a fitting parameter found using the extend/expand/twist model. For the other cases, this value was reduced in proportion to the wall thickness to outer radius ratio (e.g. in case B, the ratio was reduced to 0.66 of its initial value, so we also reduced the thickness of the outer layer by this amount). Figure S11: Comparing analytical results to FEA results for various different wall thickness to radius ratios. The column on the left shows results obtained from the model using the experimentally measured moduli, while the column on the right shows results obtained using an effective modulusμ (fitted using an FE simulation). As the wall thickness to radius ratio decreases (going from A to D), the analytical model becomes much more accurate. In case D, we see that the ratio is small enough that there is no need to use an effective stiffness, as it gives the same results as using the experimentally measured moduli (i.e. for case D, the graphs in the left and right columns are the same).
When deriving the bending model, we assumed that the actuator walls were thin. As a result, for thicker walled actuators, the model yields lower than expected bend angles at any given pressure, because the actuators are too stiff. This can be seen in the left column of Figure S11 , which compares analytical and FE results for actuators with various different ratios of wall thickness to outer radius. We see that as the thickness to radius ratio decreases, the model gives more accurate results.
In order to use the model for actuators with higher thickness to radius ratios, we use an effective shear modulus in the model, rather than using the experimentally measured moduli. This is illustrated in the right column of Figure S11 . One FE simulation (α = ±5 • ) is used to find the effective shear modulus.
Using this fitting parameter (from just one simulation), we can quite accurately predict the deformation for other fiber angles. As the ratio decreases, we see that there is no need to use this fitting parameter, since in case D, it gives almost identical results to when the experimentally measured shear moduli are used.
To experimentally verify the bending model, we fabricated and tested bending actuators with fiber angles ranging from ±5 
S4 Replicating Finger Motion
In this section, we describe the procedure for gathering and processing the data describing the kinematics of the fingers. We then describe the steps in the optimization algorithm which is used to determine the optimal design parameters for an actuator which, upon pressurization, will replicate the motion of the fingers. We use the optimization algorithm to design actuators which replicate the motion of the index finger and the thumb, and verify the results using finite element analysis. Finally, we outline the experimental procedure for determining the motion of an actuator in 3d space. Note that the Matlab scripts corresponding to this section can be found on softroboticstoolkit.com.
S4.1 Processing the input data
We use electromagnetic (EM) trackers to record the coordinates of the index finger and thumb as they bend. The location of the EM trackers on the hand is illustrated in Figure S13A . The lengths of each of the links and the angles between the links are plotted as a function of time in Figure S14 configurations to match twist angle link lengths bend angles Figure S15 : Thumb EM tracker data: The dots represent the raw input. This is smoothed using a Savitzky-Golay filter in Matlab, and the smoothed data are plotted as solid lines. Solid squares denote the four configurations which are selected to be replicated.
S4.2 Optimization
We want the optimization to output (1) the fiber angle α i for each segment (2) the initial length l
of each of the bending segments and (3) the pressures P (j) at which the input configurations will occur
i.e. we want to find the values of the variables α i , l
bend,i and P (j) which will achieve the desired link lengths and bend angles. For the initial values of the variables, we choose pressures equally spaced between the minimum pressure (0kP a)and maximum pressure (80kP a), and since we want the bend and twist segment lengths to be as short as possible, we set α i and l (0) bend,i to their minimum allowed values
The maximum allowed bend segment length was chosen by doing some preliminary calculations: The maximum bend angle required for the index finger was 93 • , and the bend angle per unit length for an actuator with fiber angle 5 • at the maximum allowed pressure P max = 80kP a is 3.3 • /mm. Dividing the maximum required bend angle by the maximum possible bend per unit length gave a segment length of 28mm. This was rounded up to give a maximum allowed segment length of 30mm.
The main steps in the optimization are as follows:
Step 1
• Given the fiber angle α for each segment and bending and twisting segment lengths, calculate the initial lengths of the extending segments, as shown in Figure 4 (for example,l
2 ).
• Calculate the extension of the bending segments in each configuration (for example, l
, where R i is the inner radius of the actuator.
• Use the bend segment lengths in each configuration and the overall link lengths in each configuration to calculate the required length of each of the extending segments in each configuration (for example,
Step 2
• For each extending (or twisting) segment, given the fiber angle α i , use the analytical model to solve for the segment lengthl (or twistθ) at each pressure P (j) .
• The bending model is an inverse model (given a bend angle, it outputs the pressure at which that bend angle is achieved). So, for each bending segment, given the fiber angle α i , use the analytical model to find the pressuresP (j) at which the required bend angles ψ are achieved.
Step 3
The function to be minimized is
where n tw , n ext and n bend are the total number of twisting, extending, and bending segments, respectively, and N is the number of goal configurations. If f is not sufficiently small, x is updated and the steps are repeated. When the minimum value of f is found, the fiber angles, segment lengths, and pressures are output.
S4.3 Glove
In the main text, we used the optimization algorithm to design an actuator where the top of the actuator mimics the input motion. Here, we use the algorithm to design an actuator where the bottom of the actuator mimics the input motion. This could be used to design an actuator for use in an assistive glove, for example [5] . We follow the same procedure as before. The twist and bend angles to be matched are the same as in the main text, but now the link lengths should be matched by the bottom edge of the actuator.
S4.3.1 Index finger
For the index finger, the optimization determined that the actuator should have extending segments 1, 3, and 6, with lengths 70mm, 21mm, and 16mm respectively, and fiber angles ±33 • , ±15 • , and ±27 • respectively, and bending segments 2, 4, and 5 with lengths 23mm, 28mm, and 15mm respectively, and fiber angles ±8.1 • , ±5 • , and ±5 • respectively. We used FEA to investigate the response of an actuator with this design, and we see in Figure S16 that the FE results are in good agreement with the analytical prediction.
pressure ( 
S4.4 Thumb actuator: reconstructing 3d motion
Here we describe our procedure for recording the motion of the thumb actuator. Since the thumb actuator moves out of plane, tracking its motion is slightly more complex than in the case of the finger actuator. In previous cases, we took a photograph of the actuator at each pressure increment. Now, at each pressure increment, we take photographs of the actuator from two perspectives, using cameras positioned at right angles to one another ( Figure S18A,C) . We post-process the photographs by using Matlab to track the left and right edges of the actuator in each picture. We then find the center line of the actuator by calculating the average of the left and right sides ( Figure S18B,D) . Finally, we interpolate the center line, so that the front view and the side view are sampled at identical z values. We can then combine the x − z data and the y − z data to find the x − y − z data ( Figure S18E ).
Y-Z view:
X-Z view: 
S5 Video legends
Video S1: A comparison of index finger motion with an actuator designed to replicate this motion.
Video S2: A comparison of thumb motion with an actuator designed to replicate this motion.
